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About half of the rRNA gene units (rDNA units) of Drosophila melanogaster are inserted by the retrotrans-
posable elements R1 and R2. Because transcripts to R1 and R2 were difficult to detect on blots and electron
microscopic observations of rRNA synthesis suggested that only uninserted rDNA units were transcribed, it
has long been postulated that inserted rDNA units are in a repressed (inactive) chromatin structure. Studies
described here suggest that inserted and uninserted units are equally accessible to DNase I and micrococcal
nuclease and contain similar levels of histone H3 and H4 acetylation and H3K9 methylation. These studies
have low sensitivity, because psoralen cross-linking suggested few (estimated <10%) of the rDNA units of any
type are transcriptionally active. Nuclear run-on experiments revealed that R1-inserted and R2-inserted units
are activated for transcription at about 1/5 and 1/10, respectively, the rate of uninserted units. Most tran-
scription complexes of the inserted units terminate within the elements, thus explaining why previous molec-
ular and electron microscopic methods indicated inserted units are seldom transcribed. The accumulating data
suggest that all units within small regions of the rDNA loci are activated for transcription, with most control

over R1 and R2 activity involving steps downstream of transcription initiation.

Initial cloning of the repeated rRNA genes (rDNA units) of
Drosophila melanogaster revealed large insertions within the
28S rRNA gene (Fig. 1) (28, 63). These sequences, originally
termed type I and type II insertions, were eventually identified
as two distinct lineages of site-specific non-long-terminal-re-
peat retrotransposons and renamed R1 and R2 (33). Typically
half (range, 32 to 77%) of the rDNA units in different geo-
graphical strains of D. melanogaster are inserted by R1 or R2
(34). Full-length R1 and R2 insertions are 5.3 kb and 3.6 kb,
respectively, but many insertions are truncated to variable ex-
tents at their 5’ end. All elements are inserted in the same
transcriptional orientation as the 28S gene. The remarkable
specificity of each element is dependent upon the combined
action of a specific endonuclease that cleaves the target site
and a reverse transcriptase that uses this cleavage to prime
reverse transcription (2, 12, 46).

The sequences of inserted and uninserted rDNA units are
identical (38, 45), a reflection of the frequent retrotransposi-
tion of R1 or R2 elements into the rDNA units and their
elimination by recombination (4, 34, 53, 54). In spite of this
rapid turnover, phylogenetic analyses have revealed that these
elements have been vertically maintained in insect lineages
since the origin of arthropods (6, 23, 48). More recent studies
have revealed R2 or related non-long-terminal-repeat retro-
transposons inserted near the R1 and R2 sites in the rRNA
genes of nematodes, platyhelminthes, tunicates, and verte-
brates (7, 8, 21, 39).

Previous studies of inserted rDNA units have suggested that
both the insertions and the rDNA units they inhabit are not
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transcribed. Northern blots of total RNA from various tissues
of D. melanogaster have revealed only low levels of R1 and R2
transcripts derived from both the full-length and 5’ truncated
elements (18, 37, 43). These low levels were similar to that
derived from the cotranscription of foreign sequences inserted
into the 28S gene target site (20). Direct electron microscopic
observations of actively transcribing rDNA units revealed few
RNA polymerase-nasent RNA complexes longer or shorter
than expected for uninserted rDNA units (10, 11, 26, 35).
These findings have given rise to the model that the inserted
rDNA units are silenced at the chromatin level, with the low
levels of transcripts occasionally observed derived from spo-
radic read-through transcription (18, 27, 43).

That a large fraction of the rDNA units in an organism could
be sequestered from the transcriptional machinery is consis-
tent with findings that there is considerable plasticity in the
number of rDNA units in any organism (44). Most organisms
appear have more than the minimum number of rDNA units
needed for full viability. In eukaryotes as diverse as yeast,
plants, and mammals, less than half of the units appear to be
active at a given time (13-15). The active rDNA units are more
accessible to nucleases and cross-linking reagents than the
inactive units. While the establishment of these two rDNA
chromatin states is not understood, epigenetic factors, such as
histone modifications and in some organisms DNA methyl-
ation, are either the cause or the consequence of the different
chromatin states (review in reference 29).

Previous studies of the chromatin structure of the rRNA
genes of D. melanogaster either did not differentiate between
the inserted and uninserted units (3, 40, 61) or indicated that
the inserted units were less accessible (62). In this report, we
compared the chromatin structures of inserted and uninserted
rDNA units of D. melanogaster and conducted nuclear run-on
experiments to directly measure their rates of transcription.
We found the inserted and uninserted rDNA units of embry-
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TABLE 1. Primers used in the ChIP experiments

GenBank accession no.

Fragment Primer sequences (coordinates)
TOT 5'-GGAACGGGCTTGGAATAATTAGCG-3" and 5'-GAAGCTTGCATCAAAACCCAATACC-3’ M21017 (6010-6259)
UN 5'-AAACAAAGCATTGTGATGGCCCTAG-3" and 5'-CTAATTATTCCAAGCCCGTTCCCTT-3’ M21017 (5784-6031)
R1-5 5'-CGGACGTGTTTTCGTTGCGCT-3" and 5'-CCTTAGCGGTGACTACCACCAATAA-3’ X51968 (1-255)
R1-3’ 5'-GCTGTGACCCAGAGATCAGTAGAGAT-3' and 5'-GGATCCCTCCGAACTTATTTTACG-3’ X51968 (5090-5343)
R2-5' 5'-TTGGGGATCATGGGGTATTTGA-3" and 5'-TGCTTGTAGTTCCAATATGAATAAATTTCC-3’ X51967 (1-250)
R2-3’ 5'-TAGCTAAATCGTTTGGTTCAAAACA-3" and 5'-TTTTGATCGCGGAGGTATGG-3’ X51967 (3352-3589)
ACT 5'-AGCGAGCAGAAGTCCAAAAG-3'" and 5'-GCGACCCTCAGTCGTTTTAG-3’ X12452 (147-307)
CEN 5'-CTGTCCCGTACTCGTCTCGT-3" and 5'-GGACCCAATACGGTACCACT-3' M86309 (229-461)

onic cells cannot be differentiated based on their accessibility
to nucleases, psoralen cross-linking, and histone 3 and 4 mod-
ifications. The nuclear run-on experiments demonstrated that
R1 and R2 elements are transcribed, but these transcripts
unusually terminate within the element. These findings are
discussed in relationship to the earlier studies as well as the
possible mechanisms that regulate the activity of the R1 and
R2 elements.

MATERIALS AND METHODS

Nuclear isolation and gene probes. Nuclei were isolated from ~0.5-g 1- to 16-h
or 3- to 20-h embryos of the D. melanogaster line w’!’% (64). After homogeni-
zation in nuclear buffer A (60 mM KCl, 5 mM MgCl,, 0.1 mM EGTA, 15 mM
Tris-HCI, pH 7.5, 0.5 mM dithiothreitol [DTT], and 300 mM sucrose), debris was
removed by centrifugation at 550 X g for 1 min, and the nuclei were pelleted by
centrifugation at 1,300 X g for 10 min. Nuclei were resuspended in nuclear buffer
A and further purified by sedimentation through a 1.7 M sucrose cushion (60
mM KCl, 5 mM MgCl,, 0.1 mM EGTA, 15 mM Tris-HCI, pH 7.5, 0.5 mM DTT,
and 1.7 M sucrose) at 28,000 X g for 20 min.

The probes used in this study were prepared by PCR amplification of cloned
fragments or genomic DNA and are summarized in Fig. 1. The location of each
fragment is as follows: for GenBank accession number M21017, 240 repeat (240),
10081 to 10323; promoter (Pro), 10636 to 10866; ETS, 10872 to 11105; 18S gene,
901 to 1140; ITS-1 (internal transcribed spacer [ITS]), 2202 to 2451 or 1953 to
2452; 28S gene (28S), 5784 to 6031; for GenBank accession number X51968,: R1
5"end, 1to 255 or 1 to 507; R1 3’ end, 5090 to 5343 or 4838 to 5343; for GenBank
accession number X51967, R2 5’ end, 1 to 250 or 1 to 510; R2 3’ end, 3352 to
3589 or 3076 to 3589. The probe for Fig. 3 corresponded to sequence 6254 to
6554 of M21017, and the 18S/ITS probe in Fig. SA was sequence 901 to 2451.

Nuclease digestions and Southern blotting. Nucleus pellets were resuspended
in the nuclear digestion buffer (60 mM KCl, 15 mM NaCl, 15 mM Tris-HCI, pH
7.5, 0.1 mM EGTA, 5 mM MgCl,, 1 mM DTT), DNase I was added, and
incubation was done at 24°C for the specified time. The reaction was stopped by
adding EDTA and sodium dodecyl sulfate (SDS) to final concentrations of 10
mM and 0.02%), respectively. For micrococcal nuclease (MNase) digestion, the
nucleus solutions were made 3 mM CaCl, and 0.5 units/ul MNase (Fermentas)
and incubated at 24°C for the specified time. Reactions were stopped as in the
DNase I digestions. After DNase I or MNase digestion, the DNAs were ex-
tracted from the nuclei and subjected to Southern blotting (33).

ChIP experiments. Chromatin immunoprecipitation (ChIP) assays (9) utilized
1 g of 1- to 16-h dechorionated w’/’$ embryos, which were cross-linked in 10 ml
of 50 mM HEPES, 1 mM EDTA, pH 8.0, 100 mM NacCl, and 1.8% formaldehyde
in the presence of 30 ml n-heptane for 15 min. Embryos were gently spun down
and washed for 10 min, first with 50 ml of 0.125 M glycine and 0.01% Triton
X-100 in phosphate-buffered saline, next with 10 ml of 10 mM HEPES, pH 7.6,
10 mM EDTA, pH 8.0, 0.5 mM EGTA, pH 8.0, and 0.25% Triton X-100, and
finally with 10 ml of 10 mM HEPES, pH 7.6, 200 mM NaCl, 1 mM EDTA, 0.5
mM EGTA, and 0.01% Triton X-100. Embryos were then resuspended in 5.5 ml
of sonication buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA, pH 8.0, and 0.5 mM
EGTA, pH 8.0) and homogenized with a type A pestle for three strokes in a 7-ml
Dounce homogenizer. The homogenate was transferred to a 15-ml conical tube
and sonicated for 30-s intervals four times with a Branson Sonifier 450 at setting
6 of constant power. After spinning at 4,000 X g for 30 min at 4°C, the super-
natant was collected and adjusted to low-salt RIPA buffer (10 mM Tris-HCI, pH
8.0, 140 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 1 mM EDTA,

pH 8.0, and 1X complete protease inhibitor [Roche]). Roughly 70-pg aliquots of
chromatin were separately incubated with 10 pl of anti-acetyl H3, anti-acetyl H4,
and anti-trimethyl H3K9 antibodies (Upstate Biotechnology) at 4°C overnight.
Antibody-chromatin immune complexes were recovered by adding N-protein A
beads (Amersham Biosciences) preequilibrated with low-salt RIPA containing
100 pg/ml herring sperm DNA and further incubated for 2 h. Samples were
centrifuged at 6,000 rpm for 30 s and the pellets washed five times with low-salt
RIPA buffer, two times with high-salt RIPA buffer (as above but with 500 mM
NaCl) with 100 wg/ml herring sperm DNA, and once with 10 mM Tris-HCI, pH
8.0, 1 mM EDTA, pH 8.0 and finally resuspended in 100 pl of the same buffer.
RNase A was added to a final concentration of 100 wg/ml and incubated at 37°C
for 30 min. Proteinase K and SDS were then added to final concentrations of 0.5
mg/ml and 0.5%, respectively, and incubated at 65°C overnight to reverse the
cross-linking. Samples were extracted with phenol-chloroform, chloroform, pre-
cipitated with ethanol in the presence of 20 ug glycogen, and subjected to PCR
analysis. PCR cycles were adjusted to allow the amplifications to remain in the
linear range. Primer sequences and coordinates for the amplified fragments are
shown in Table 1.

Psoralen cross-linking. Psoralen cross-linking was conducted following the
procedures of Sogo and colleagues (15, 47). A UVP model B 100-A UV lamp
was used to irradiate nuclei from a distance of 6 cm for 5 min on ice in the
presence of 10 pg/ml psoralen (4,5',8-trimethylpsoralen; Sigma). The irradia-
tions were continued for a total of 25 min, replenishing the psoralen at 5-min
intervals. After DNA extraction and appropriate restriction enzyme digestion,
the DNA samples were electrophoresed on 0.7% agarose gels. Before blotting to
nitrocellulose membranes, gels were irradiated with short-wave UV (252 nm) for
2 h in the cold to reverse the cross-linking. Psoralen cross-linking of Saccharo-
myces cerevisiae strain Y728 (5) was conducted under the same conditions and
using the same restriction enzymes and probe as previously described (15).

Nuclear run-on transcription assays. Nuclear run-on assays (31) were con-
ducted with isolated nuclei in 0.3 ml of 90 mM KCI, 25 mM DTT, 10 mM
Tris-HCI, pH 7.5, 5 mM MgCl,, 1 mM (each) ATP, CTP, and GTP, and 150 p.Ci
[«-*?PJUTP (3,000 Ci/mmol) with or without 100 wg/ml a-amanitin (Sigma).
Incubations were at 25°C or 37°C for 15 min, the reactions stopped by the
addition of 30 mM EDTA and 2% SDS, and the RNA isolated. RNA from each
nuclear run-on reaction was boiled for 5 min and hybridized to 0.5 pg denatured
DNA fragments from various regions of the rDNA units bound to nitrocellulose
paper (31). Hybridizations were conducted at 65°C in 6X SSC (1x SSC is 0.15
M NacCl plus 0.015 M sodium citrate), 5X Denhardt’s, and 0.5% SDS for 20 h.
Membranes were washed twice each in 2X SSC-0.1% SDS and 0.5X SSC-
0.1% SDS at 65°C before exposure to a PhosphorImager screen. By using only
regions of the rDNA that are processed from the major transcript, it was not
necessary to eliminate by RNase treatment the 18S and 28S rRNA present in
the nuclei (60).

To determine the relative hybridization efficiency, DNA fragments used in the
nuclear run-on experiments were cloned to pCR-Blunt vector (Invitrogen) and
sequenced. Clones containing the appropriate insert orientation were picked and
digested with a restriction enzyme that cleaved the downstream end of the
insertion. From these DNA templates, RNA probes were made by in vitro
transcription with T7 RNA polymerase in the presence of[a->*P]JUTP and puri-
fied from a denaturing polyacrylamide gel. Equal counts of these RNA probes
were pooled, hybridized to nitrocellulose membranes, and immobilized with
identical amounts of DNA fragments under the same hybridization conditions
used in the nuclear run-on experiments, and the relative hybridization efficiencies
of the different DNA fragments was determined.
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RESULTS

All regions of the rDNA units are packaged into nucleoso-
mal arrays. Previous chromatin studies of the D. melanogaster
rDNA units suggested that the promoter region was more
accessible than the coding regions (40, 61). As a first step to
compare the chromatin structures of the inserted and unin-
serted rDNA units, we monitored their MNase digestion pat-
terns. Nuclei were isolated from 1- to 16-h embryos, a period
of rapid activation and rRNA transcription (50). Nuclei were
digested with MNase for increasing lengths of time, and the
purified DNA was blotted and probed with short DNA frag-
ments from different regions of the rDNA units. The locations
of these probes and the percentages of the total rDNA units
represented by the uninserted and various insertion classes are
shown in Fig. 1. Because inserted and uninserted rDNA units
are identical in nonelement sequences, the promoter region
and most gene region probes hybridized equally well to in-
serted and uninserted units. On the other hand, the 28S probe
was selected to span the R1 and R2 insertion sites. Most R1
insertions result in a 23-bp deletion of the target site upstream
of the insertion (33), while most R2 insertions result in variable
deletions of up to 40 bp (24). Because the 28S probe was both
split and partially deleted by R1 and R2 insertions, this probe
provided the best representation of the uninserted rDNA
units.

Micrococcal digestion of embryonic nuclei for different
times (Fig. 2A) revealed that all regions of the rDNA units
were packaged into nucleosomal arrays similar to that of bulk
DNA (stained DNA in panel at left). Scans of the longest
nuclease digestion times from each blot are shown in Fig. 2B,
while the fractions of the DNA digested to mono-, di- and
trinucleosomes at 1 and 4 min are shown in Fig. 2C and D. The
nucleosomal profile and the extent of digestion were similar for
the 188, 28S, R1, and R2 probes, suggesting that most inserted
and uninserted units were packaged into nucleosomal arrays
with similar accessibility to MNase.

Consistent with results of previous studies (40, 61), the
240-bp intergenic spacer repeats, the promoter, and the exter-
nal transcribed spacer (ETS) digested more rapidly and gave a
less-distinct nucleosome profile than the coding regions. Be-
cause these regions of rDNA are AT rich (69 to 73%; Fig. 2B)
and MNase has been shown to have AT sequence preference
(19, 56), it was possible that the faster digestion of the 5’ end
of the rDNA units was a result of the AT richness of these
regions. Data consistent with this explanation were obtained by
MNase digestion of purified (protein-free) genomic DNA
probed with the same eight segments of the rDNA unit (lane
1 in all panels of Fig. 2A). Free DNA corresponding to the
area of the promoter digested more rapidly than both bulk
DNA and the DNA corresponding to the 18S and 28S genes
and R1 and R2 insertions. Further support for AT content
affecting the rate of digestion of the different regions of the
rDNA unit was obtained from the ITS probe. Located between
the 18S and 28S genes, this sequence would be expected to
have a chromatin structure similar to that of the genes. How-
ever, consistent with its higher AT content (Fig. 2B), the di-
gestion rate of the ITS region was intermediate between the
rate of cleavage of the 185/28S genes and that of the promoter
region in both isolated nuclei and free DNA. These data sug-
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FIG. 1. Diagram of inserted and uninserted rDNA units of D.
melanogaster. Each rDNA unit contains an 18S, 5.8S, and 28S rRNA
gene (black boxes), an ETS, and two ITS regions (open boxes). Tran-
scription starts at the arrow and terminates near the 3" end of the 28S
gene. The promoter region and 240-bp repeats located upstream of the
promoter in the intergenic region between units are also diagramed.
The R2 insertion site is 60 bp upstream of the R1 site (33). The open
reading frames of the R1 and R2 elements are shown as gray boxes,
while the 5" and 3’ untranslated regions are shown as boxes labeled 5’
and 3'. The probes used in Fig. 2 are shown as thick bars below each
diagram. The 0.5-kb DNA fragments used for the nuclear run-on
assays in Fig. 6 are shown by the thinner bars below the gene diagrams.
Also shown are the cleavage sites for the restriction enzymes BglII, B;
Clal, C; Pstl, P; and Sall, S. The fraction of the rDNA units corre-
sponding to each insertion type in the strain used for these studies is
indicated in parentheses.

gest that the majority of the inserted and uninserted units are
assembled into nucleosomal arrays similar to that of bulk chro-
matin.

Inserted and uninserted units are equally accessible to
DNase I. Clal cleaves the 28S gene at sites flanking the R1 and
R2 insertion sites but not within either element, while Sall and
PstI cleave short distances from the 3’ end of each element
(Fig. 3A). Using this ability to place inserted and uninserted
rDNA units on different-size restriction fragments, the relative
nuclease accessibilities of the different types of rDNA units
could be compared. DNA extracted from DNase I-treated
embryonic nuclei was followed by two sets of restriction di-
gests: (i) Clal plus Sall, which placed the DNA from R1- and
R2-inserted units on larger fragments than those for the unin-
serted units, and (ii) Clal plus Pstl, which placed the DNA
from the inserted units on shorter fragments than those for the
uninserted units. After digestion the DNA was blotted and
probed with a downstream region of the 28S gene (Fig. 3A).
Because R1 elements are inserted downstream of R2 elements,
rDNA units with both R1 and R2 insertions appeared as R1-
inserted fragments in these blots.

The DNase I sensitivities of the uninserted, R1-, and R2-
inserted units are shown in Fig. 3B. To control for variations in
the amount of DNA loaded in each lane, a graph of the frac-
tion of the three different rDNA fragments at each time point
normalized to the fraction at time zero is shown in Fig. 3C. The
restriction fragment derived from the Rl-inserted units was
most rapidly digested in the left panel, while the fragment from
the uninserted units was most rapidly digested in the right
panel. Thus, longer DNA fragments were more rapidly di-
gested irrespective of whether they corresponded to inserted
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FIG. 2. Digestion of different regions of the rDNA units with MNase. (A) Isolated 1- to 16-h embryonic nuclei were digested with MNase (0.5
U/ul) at 24°C for 0, 1, or 4 min (lanes 2 to 4 of each panel). Purified (protein-free) genomic DNA was also digested with MNase (0.025 U/ul) for
30 s (lane 1 of each panel). The DNA from each digest was extracted, divided into eight aliquots, blotted, and hybridized with the probes diagramed
in Fig. 1: the 240-bp intergenic spacer repeats (240), promoter (Pro), ETS, 18S, ITS1, 28S, R1, and R2. (B) Tracings of the signals from lane 4
of each panel in A. Listed at the right of each tracing is the AT content of each probe with the AT content of the flanking 2 kb listed in parenthesis.
(C) Combined fraction of the total hybridization signal in the mono-, di-, and tri nucleosome fractions in the 1-min digestion (lane 3) of each panel
in A. The combined signal in the mono-, di-, and trinucleosome fractions was divided by the total signal in the lane. (D) As in panel C but the
fraction of the total signal in the mono-, di-, and tri nucleosome fractions in the 4-min digestions (lane 4).

or uninserted units. Only in the case of the Clal-Sall digest
were the R2 units somewhat more slowly digested than the
uninserted units, even though the R2 units were on slightly
larger fragments. These experiments again suggest that most
inserted rDNA units are packaged into a chromatin structure
similar to that of the uninserted units. While a previous report
has suggested that uninserted units are more accessible to
DNase I digestion than the inserted units in D. melanogaster,
that report did not control for the size of the DNA restriction
fragments being monitored (62).

Histone modifications of R1/R2 inserted and uninserted
rDNA units. It has been shown that “active” genes are gener-
ally packaged with histone H3 and H4 containing hyperacety-
lated N-terminal tails (AcH3 and AcH4), while “silenced”

genes are packaged with histone H3 hypermethylated at lysine
9 (MeH3K9) (36). The chromatin structures of active and
inactive TDNA units have also been proposed to contain these
differences in histone modifications (3, 52, 59). We therefore
carried out ChIP experiments with antibodies to acetyl H3,
acetyl H4, and trimethyl H3K9 to test whether the chromatin
of R1- and R2-inserted units differed from the chromatin of
uninserted units.

The ChIP assays were conducted with chromatin from 1- to
16-h embryos (9). As shown in Fig. 4A, a region of the 28S
gene downstream of the R1 and R2 insertion sites was selected
for amplification to represent all DNA units (TOT, for total);
the insertion site region of the 28S gene was selected to rep-
resent the uninserted units (UN); and the R1- and R2-inserted
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FIG. 3. Comparison of the DNase I sensitivity of the inserted and
uninserted rDNA units. (A) Diagram of the DNA fragments generated
by the restriction enzymes used in this experiment. Clal sites (labeled
C) are located 0.7 kb downstream and 1.5 kb upstream of the R1
insertion site in all rDNA units. The probe was a 300-bp fragment
immediately adjacent to the downstream site. R1 and R2 elements do
not contain Clal sites but do have Sall and PstI sites at the positions
shown (labeled S and P). (B) Isolated nuclei were digested with DNase
I (0.05 U/ul) at 24°C for increasing times (0.5, 1, 2, 4, or 8 min). The
DNA was purified and digested with Clal plus Sall or Clal plus PstI
and subjected to Southern analysis. (C) Quantitation of the relative
DNase I sensitivities of the inserted and uninserted rDNA units. For
each digestion time, the proportions of the three different types of
rDNA were normalized to the relative amount of that fraction at time
Zero.

units were monitored by separate amplification of regions near
their 5 and 3’ ends (R1-5, etc.). All PCR amplifications were
adjusted to be within the linear range and conducted in trip-
licate. Figure 4B shows the PCR products from one ampli-
fication, while the intensities of bands from all experiments
were normalized to that of the input band and plotted in Fig.
4C. Confirmation of the approach and the specificity of the
three antibodies was demonstrated by the enrichment of
AcH3 and AcH4 and the absence of MeH3K9 in the chro-
matin of the transcriptionally active actin 87E gene (ACT)
and a deficit of AcH3 and AcH4 and enrichment of
MeH3K9 in the chromatin of a transcriptionally inactive
centromeric sequence (CEN) (1).

AcH3 and AcH4 levels in the chromatin of the uninserted
rDNA units and the R1 and R2 elements were similar to that
of the actin gene, uniformly higher than that of the centro-
meric sequences, suggesting transcriptional activity. However,
the levels of MeH3K9 in the chromatin of both the inserted
and uninserted rDNA units were higher than that of the actin
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FIG. 4. The Rl-inserted, R2-inserted, and uninserted rDNA units
are packaged into chromatin structures that have similarly modified
histone H3 and H4. (A) Diagram of the 28S gene and its insertions
with the locations of the regions amplified from the 28S, R1, and R2
sequences. See Materials and Methods for more details, as well as the
regions amplified from the actin gene and centromeric sequences.
(B) PCR amplifications from the ChIP experiments. Each primer pair
amplified five samples: (i) input DNA (1/3 of the original starting
material), (ii) a control mock immunoprecipitation with no antibody,
(iii) immunoprecipitation with anti-acetyl H3, (iv) immunoprecipita-
tion with anti-acetyl H4, and (v) immunoprecipitation with anti-tri-
methyl H3K9. The PCR amplifications were empirically adjusted to be
in the linear range: 25 cycles, the 28S genes, R1 elements, and centro-
meric satellite DNA; 27 cycles, R2 elements and the actin 87E gene; 30
cycles. Each centromeric DNA band shown represents the major band
generated in a series of bands. (C) Relative enrichment of the ampli-
fication from each ChIP sample over that of the input sample. The
graph represents the mean for three independent PCRs with the stan-
dard deviation shown.

gene, more similar to that of the centromeric sequences, sug-
gesting transcriptional inactivity. The presence of both H3/H4
acetylation and H3K9 methylation in the chromatin associated
with the rDNA units is consistent with the model that only a
fraction of these units need to be transcribed in any cell. A
somewhat higher percentage of the uninserted units may be
transcribed than of the inserted units, because the uninserted
unit signal (UN) was the only one with a lower levels of the
MeH3K9 modification than both H3 and H4 acetylation.
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Psoralen cross-linking of inserted and uninserted rDNA
units. Sogo and colleagues have demonstrated that transcrip-
tionally active rDNA units are more accessible to psoralen and
after UV cross-linking can be separated from the inactive units
by their slower migration during electrophoresis (14). This
psoralen accessibility has been used to detect active rDNA
units in many organisms (13, 15, 16, 47). Isolated nuclei from
1- 16-h embryos were incubated with psoralen and UV cross-
linked (15, 47, 58). To monitor all rDNA units, the cross-linked
DNA was digested with BglII or BglII plus Pstl and probed
with an 18S/ITS-1 sequence (Fig. 5A, left panel). To separately
score uninserted, R1-inserted, and R2-inserted rDNA units
(right panel), the cross-linked DNA was digested with Clal
plus PstI and probed with the downstream 28S gene probe (the
same digests and probe used for Fig. 3). As a control, psoralen
cross-linking of the rDNA units from Saccharomyces cerevisiae
was also conducted. After cross-linking, the S. cerevisiae DNA
was digested with EcoRI and probed with a gene region span-
ning parts of the 18S and 25S genes (Fig. 5B).

Consistent with previous findings for S. cerevisiae (15, 16,
58), cross-linked DNA (lane X) migrated as two distinct bands
slower than those for uncross-linked DNA (lane C). The more
accessible (i.e., active) band corresponded to one-third of the
total units (31% for the 18S band and 34% for the 25S band).
In contrast to the yeast rDNA units, the cross-linked D. mela-
nogaster TDNA units showed a single band that was slower
migrating than that for the uncross-linked fragment. The shift
in migration of the cross-linked D. melanogaster units was sim-
ilar to that of the inactive units in yeast. This single cross-linked
product was observed for the fragments in the left panel, rep-
resenting all tDNA units, and for the fragments in the right
panel, representing the individual uninserted or R1- or R2-
inserted fractions. The series of faint lower and higher molec-
ular bands seen in both the cross-linked and uncross-linked
DNA corresponded to the greater restriction polymorphisms
present in the rDNA units of D. melanogaster. Because of these
polymorphisms, the lower limit in our ability to detect a second
more slowly migrating band was about 10%. Assuming that
actively transcribed rDNA units in D. melanogaster embryos
are similar in structure to those of other organisms and thus
would have been detected by psoralen cross-linking, these data
suggest only a minor percentage of the inserted and uninserted
units are actively transcribed. Similar results have been ob-
tained with nuclei isolated from embryos of different ages and
with different levels of cross-linking (data not shown).

Nuclear run-on transcription assays. As the most direct
assay to monitor the fraction of the inserted and uninserted
rDNA units that are actively being transcribed, we conducted
nuclear run-on experiments. Several arguments suggest that
any transcripts detected from R1 and R2 would represent
cotranscription with the rRNA genes. First, transcripts initiat-
ing at sites within the insertions have not been observed by
electron microscopy (10, 35). Second, we have been unable to
detect promoters associated with the R2 elements (25). Finally,
transcripts can be detected of 5'-truncated copies of the ele-
ments or of foreign sequences inserted into the R2 site (20).

In the run-on experiments, >?P-labeled RNAs synthesized
during a 15-min incubation of embryonic nuclei were hybrid-
ized to immobilized DNA fragments corresponding to differ-
ent regions of the rDNA unit. Because no sequences are
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FIG. 5. Comparison of psoralen cross-linking of the rDNA units in
D. melanogaster and S. cerevisiae. (A) Aliquots of isolated 1- to 16-h
embryonic nuclei from D. melanogaster were either cross-linked with
psoralen or with a buffer control. Left panel: after cross-linking, the
DNA was extracted, digested with BglII or BglII plus PstI, blotted, and
probed with a fragment from the 18S gene and ITS1 sequences. Show
above the gels is a diagram of a segment of the rDNA locus indicating
the locations of the BglII and PstI sites and the probe used. Cross-
linked DNA corresponds to lanes labeled X, and uncross-linked lanes
are labeled C. Right panel: after cross-linking and extraction, the DNA
was digested with Clal and Pstl and hybridized with a 28S probe
adjacent to the downstream Clal site (see diagram in Fig. 3A). (B) Pso-
ralen cross-linking of S. cerevisiae rDNA units. The cross-linking con-
ditions were the same as those described previously (15). The diagram
at the top shows the location of the EcoRI restriction sites as well as
the hybridization probe used. The separation of units into the inactive
fast (F) and active slow (S) fractions can be seen for both the 1.9-kb
18S gene and the 2.8-kb 25S gene fragments.

unique to uninserted units, the level of transcription from the
R1 and R2 insertions was compared to the total transcription
of all units. Three regions of the rDNA repeat were tested to
represent the combined transcription of all units: the ETS
region, the ITS1 region, and a segment of the 28S gene up-
stream of the R1 and R2 insertion sites. The ITS1 and 28S
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FIG. 6. Nuclear run-on transcription assays of inserted and unin-
serted TDNA units. (A) Determination of the relative hybridization
efficiencies of the various DNA fragments. See Materials and Methods
for experimental details. An unrelated mouse interferon DNA frag-
ment (control) was included in the hybridization as a negative control.
The numbers are averaged from two experiments, with the efficiency of
the ITS-1 DNA set at 1. (B) One example of the nuclear run-on
hybridization (experiment A in Table 2). DNA fragments (500 bp)
corresponding to the regions of the inserted and uninserted rDNA
units as shown in Fig. 1 were bound to nitrocellulose paper (31) and
hybridized with RNA synthesized in 3- to 20-h embryo nuclei during a
15-min incubation at 37°C. Equal amounts of pBluescript II SK vector
DNA (pBSK) were bound to the membrane as a negative control.

levels were similar in the various trial experiments, while the
ETS hybridizations were more variable and averaged eightfold
lower than the ITS1 or 28S hybridizations (see examples in Fig.
6). Presumably the ETS sequences near the promoter of the
rDNA unit are either more rapidly degraded or become de-
pleted of polymerase. We used RNA hybridization to the ITS1
region of the rDNA as the transcription standard in the fol-
lowing experiments, because the low levels of R1 and R2 tran-
scripts detected on Northern blots or by RNA protection as-
says (20, 37, 43) suggest that if the inserts are transcribed, their
RNA is quickly degraded like that of the ITS.

Nuclear run-on transcription assays were carried out with
two lines: w’/’8, the line used for the previous chromatin ac-
cessibility studies in this report, and SWIFF6, a line derived
from w’’*3 but containing somewhat higher levels of R1 and
R2 insertions (20). Because we needed to compare hybridiza-
tion signals to different DNA fragments, the relative hybrid-
ization efficiency of each fragment was determined (Fig. 6A;
also see Materials and Methods). The hybridization results
from one nuclear run-on experiment are shown in Fig. 6B,
while Table 2 summarizes four different experiments. All val-
ues in Table 2 were corrected for their hybridization efficien-
cies and were presented relative to the ITS1 signal, set at 100
in each experiment.

Several parameters were tested in the run-on assays. To
provide additional evidence that the R1 and R2 transcripts
were derived from cotranscription by RNA polymerase I
rather than by RNA polymerase II, the nuclei were assayed in
the presence (experiment B) or the absence (experiment A) of
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a-amanitin (42). The presence of a-amanitin had little effect
on the relative transcript levels of R1 and R2, with transcrip-
tion of the insertions in line SWIFF6 somewhat reduced in the
presence of a-amanitin but somewhat increased in line w?%%,
Reducing the size of the DNA fragments bound to the nitro-
cellulose filters to 250 bp instead of 500 bp (experiment C) and
conducting the incubations at 25°C instead of 37°C (experi-
ment D) also did not consistently change the levels of R1 and
R2 transcripts compared to that of ITS1. Finally, we also con-
ducted run-on assays with nuclei isolated from adult animals
(data not shown). The levels of both R1 and R2 transcripts
relative to that of ITS1 were two- to threefold higher in the
adult female nuclei; however, the level of ITS1 transcripts was
reduced 10- to 20-fold compared to that in embryonic nuclei,
making quantitation less accurate. Based on the ITS1 signal,
the total transcript levels of the rDNA units in adult male
nuclei were even lower. Therefore, the following discussions
are based on the transcription levels obtained from only the
experiments conducted with embryonic nuclei.

As summarized in Table 2, the SWIFF6 line showed higher
levels of R1 and R2 transcription than the w*/*% line, consistent
with the higher fraction of R1 and R2 insertions in SWIFF6
(20). Surprisingly, in both lines transcription of the 3" end of
the R1 element was about threefold lower than that of the 5’
end. This suggests that most transcription complexes fail to
reach the 3’ end of the R1 element or that the 3" RNAs are
more rapidly degraded. In the case of R2, the levels of 5’ and
3’ end transcripts were more similar. However, nearly half of
the R2 elements in these strains are 5’ truncated (i.e., do not
contain the region being monitored by the 5’ probe) (20). If
5’-truncated insertions are cotranscribed at the same rate as
full-length insertions, then many R2 transcription complexes
also fail to reach the 3’ end of the element.

These run-on experiments indicated that the R1 and R2
elements were transcribed at measurable levels. To estimate
how efficiently the inserted units were transcribed relative to
transcription of the uninserted units, the transcription values
of their 5’ ends were divided by the fraction of the rDNA units
that contained each insertions. In the case of R1, 38% (w’/’%)
and 45% (SWIFFG6) of the rDNA units contained full-length

TABLE 2. Nuclear run-on transcription assays to detect
R1 and R2 transcripts

Relative hybridization signal?

ITS-1

Expt Line . R1 element R2 element
signal

5 3 5’ 3
A SWIFF6 100 14.6 4.4 1.2 1.0
w!li8 100 4.4 1.4 0.2 0.3
B* SWIFF6 100 9.6 3.8 0.7 0.8
w!li8 100 7.5 2.1 0.3 0.3
ch SWIFF6 100 7.5 3.8 0.8 1.0
De w!li8 100 9.9 3.0 1.0 0.3
Avg SWIFF6 10.6 4.0 0.9 0.9
w!li8 7.3 22 0.5 0.3

“ As experiment A, but conducted in 100 pg/ml a-amanitin.

® As experiment A, but the RNA was hybridized to 250-bp DNA fragments
instead of 500 bp.

¢ As experiment A, but the run-on incubations were performed at 25°C instead
of 37°C.

4 Hybridization signal relative to the signal for ITS-1.
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insertions. Thus, full-length Rl-inserted units appear to be
transcribed at 17% and 24%, or about one fifth, of the effi-
ciency of the uninserted units. In the case of R2, 7.5% (w'’%)
and 9.5% (SWIFF6) of the rDNA units contained full-length
insertions. Thus, full-length R2-inserted units appear to be
transcribed at 7% and 11%, or about 1/10 the efficiency of the
uninserted units.

DISCUSSION

The 28S rRNA genes of D. melanogaster were among the
first genes to be described that contained disruptions in their
coding regions (28, 63). Initial studies attempted to determine
whether these insertions were similar to the introns in protein
coding genes and destined to be spliced from a primary RNA
transcript. Northern blots of nuclear RNA revealed only low
levels of cotranscripts from either insertion, arguing against
their functioning as introns (37, 43). More dramatic were the
electron microscopic observations of active tDNA units using
the “Miller spreading technique” (51). Chooi and Laird ob-
served rDNA transcription units variably longer than expected
for uninserted units, but few extended to a length consistent
with that of a full-length R1 or R2 cotranscript with the rRNA
genes (10, 41). Jamrich and Miller suggested that less than 1%
of the transcription complexes they observed in D. melano-
gaster were of a length consistent with the cotranscription of
full-length insertions (35). These studies, combined with the
discovery that small deletions of the 28S genes were often
found at the 5’ junctions of the insertions (17, 57), provided
convincing evidence that the inserted units were not being used
to produce functional 285 rRNA, thus ending most investiga-
tions into the R1 and R2 insertions.

The discovery that R1 and R2 insertions in the TDNA units
are active retrotransposable elements renewed interest in their
expression, because transcription even at low levels could be a
critical component of their regulation. The run-on transcrip-
tion assays reported here indicated that R1- and R2-inserted
rDNA units of D. melanogaster are transcribed at significant
levels. Once activated, the rates of transcription initiation of
inserted and uninserted units are similar, because the same
densities of RNA polymerase complexes were observed by
microscopy for the rare long (inserted) transcripts as for the
shorter (uninserted) transcripts (10). Correcting for the frac-
tion of the rDNA locus containing the insertions, full-length
Rl-inserted units are activated at about 1/5 and full-length
R2-inserted units at about 1/10 of the rate of activation of the
uninserted units. Inserted rDNA units may be activated at even
higher relative levels if the R1 or R2 transcripts are more
rapidly degraded than the ITS1 transcript used for comparison.

What explains the low levels of “long transcripts” in the
electron microscopic studies? Our run-on data also suggest
that most of the transcription complexes on the inserted units
do not extend to the 3’ end of the insertion elements. Run-on
transcripts from the 5" end of the R1 elements were threefold
more abundant than transcripts from the 3’ end (Table 2).
Because 20% of the R1 insertions in the Drosophila strains
used in the assays are 5’ truncated, containing 1 kb or less of
the 3" end of the element, cotranscription of these 5'-truncated
R1 elements could account for most of the 3’ transcripts de-
tected in the run-on assays. In a similar manner, while the
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levels of R2 5" and 3’ run-on transcripts were about equal, half
of the R2 insertions in the assayed lines do not contain the 5’
end of the element, again suggesting that transcription of the
5’-truncated copies could account for most of the 3" R2 tran-
scripts detected.

As additional support for premature terminations within
inserted units, histone H3.3, which is associated with transcrip-
tion (3), has been shown to accumulate in the first 1 kb of
the R1 sequences but not in regions further downstream (S.
Henikoff, personal communication). If most of the transcrip-
tion complexes on the inserted units do not extend to the end
of the insertion elements, our run-on results do not contradict
the earlier electron microscopic studies of rRNA transcription.
Transcription complexes that terminate within the first 1 to 2
kb of the R1 and R2 insertions would appear in electron
microscopic observations to be of similar length to the com-
plexes derived from uninserted units (the R1 and R2 insertion
sites are 1.3 kb from the normal termination site of the rDNA
unit; see Fig. 1). Thus, scoring by electron microscopy only
transcription complex length significantly underestimated the
level of transcription associated with inserted rDNA units.
Indeed, direct electron microscopic evidence that transcription
complexes were terminating within the insertion elements was
obtained in the early studies. Chooi (10) observed two classes
of intergenic spacer lengths between consecutive rDNA tran-
scription units of D. melanogaster: a shorter class consistent
with the 3- to 5-kb physical lengths of the intergenic spacer and
a longer class consistent with transcription truncations within
the R1 or R2 elements.

The only apparent conflict that exists between our run-on
data and the earlier reports of R1 and R2 transcript levels is
that full-length transcripts of R2 elements are more readily
detected on Northern blots than full-length R1 transcripts (37,
43), while the run-on transcription data suggested that the
Rl-inserted units are more frequently activated for transcrip-
tion than the R2-inserted units. We suggest this difference
between the number of units activated for transcription and
actual transcript levels is a result of the more-efficient termi-
nation of transcription within R1 elements or the greater sta-
bility of R2 transcripts.

What fractions of the rDNA units are transcribed? The
number is likely to vary among tissues and strains, but our
nuclease digestion and histone modification assays suggest that
these fractions are quite low (Fig. 2 to 4). The most sensitive
assay for detecting the level of active rDNA units is psoralen
cross-linking (13, 15, 16, 47). However, our psoralen cross-
linking study did not reveal active units, suggesting such units
represent less than 10% of the units in any of the bands we
detected on Southern blots (Fig. 5). Based on the run-on data,
the highest proportion of active units would be the uninserted
units. The w’**® line used for this study contained 300 rDNA
units on each of the X and Y chromosomes, 40% of which are
uninserted (i.e., about 240 uninserted units per cell) (20, 34). If
less than 10% of the uninserted units are active, then the
absolute number of such units is less than 24. This surprisingly
low number is in fact consistent with that estimated from other
studies. Only an estimated 50 rDNA units (both inserted and
uninserted) are sufficient to avoid the bobbed phenotype (20,
22, 30). Electron microscopic observations of early embryo
development suggested an average of 30 transcriptionally ac-
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tive rDNA units in each nucleolus of D. melanogaster (50). The
requirement for such low numbers of functional rDNA units in
Drosophila could explain why more than 75% of the units can
be inserted in strains of D. melanogaster (34) and why more
than 90% of the rDNA units can be inserted in strains from
other Drosophila species (32, 44, 49).

How are the active units arranged within the nucleolus?
Electron microscopic observations suggest that transcription-
ally active rDNA units are frequently consecutive, suggesting
that in any cell, transcriptional activity is clustered within one
or a few regions of the rDNA loci (10, 11, 26, 35). A recent
report on the replacement of histone H3.3 in actively tran-
scribed genes also suggested that transcriptionally active and
inactive rDNA units are physically separated (3). Because in-
serted and uninserted rDNA units are extensively interspersed
across the rDNA locus in D. melanogaster (10, 63; W. Burke, K.
Averbeck, and T. Eickbush, unpublished data), a simple model
to explain our R1 and R2 transcription data is that within these
“activated domains” all rDNA units are transcriptionally active
independently of whether they are inserted or uninserted. The
lower levels of transcription of the R1- and R2-inserted units
would simply reflect the fraction of these units in the active
domains and the advantage to the cells of activating those
regions of the locus with the highest fraction of uninserted
units. In this model, most control over R1 and R2 activity
would occur after transcription initiation. We have recently
detected isofemale lines of Drosophila simulans with active R2
retrotransposition (66). This R2 activity is correlated with high
levels of stable full-length R2 transcripts on Northern blots
(D. G. Eickbush, X. Zhang, J. Ye, and T. H. Eickbush, unpub-
lished data). We should be able to determine if this R2 retro-
transposition activity is associated with increased rates of R2
transcription, a reduction in the rate of termination within the
element, or an increase in the stability of the R2 transcripts.

R1 and R2 have been stably associated (vertically transmit-
ted) with insect lineages since the origin of arthropods (6, 23,
48). The competition between the drive of these elements to
survive by increasing their numbers and that of the hosts to
bring about their elimination is but one of the many battlefields
in the genomic war that is being fought in all organisms. Just as
this war between the genome and mobile elements has been
postulated to give rise to new types of gene regulation (e.g.,
DNA methylation and RNA interference) (55, 65), it can be
postulated that the battle between R1 and R2 and the rDNA
locus has given rise to new means of regulating the expression
of the rDNA units. These new mechanisms could involve the
activation of only a small number of genes, mechanisms to
promote termination of the transcription apparatus within the
insertions, or new means to process the rRNA transcripts.
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